ABSTRACT. We analyzed synonymous codon usage patterns of the mitochondrial genomes of 43 parasitic platyhelminth species. The relative synonymous codon usage, the effective number of codons (NC) and the frequency of G+C at the third synonymously variable coding position were calculated. Correspondence analysis was used to determine the major variation trends shaping the codon usage patterns. Among the mitochondrial genomes of 19 trematode species, the GC content of third codon positions varied from 0.151 to 0.592, with a mean of 0.295 ± 0.116. In cestodes, the mean GC content of third codon positions was 0.254 ± 0.044. A comparison of the nucleotide composition at 4-fold synonymous sites revealed that, on average, there was a greater abundance of codons ending on U (51.9%) or A (22.7%) than on C (6.3%) or G (19.14%). Twenty-two codons, including UUU, UUA and UUG, were frequently used. In the NC-plot, most of points were distributed well below or around the expected NC curve. In addition to compositional constraints, the degree of hydrophobicity and the aromatic amino acids also influenced codon usage in the mitochondrial genomes of these 43 parasitic platyhelminth species.
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INTRODUCTION
Most amino acids are encoded by multiple codons. In most cases, the synonymous codons are not used randomly in different genomes (Grantham et al., 1980; Lloyd and Sharp, 1992) . Furthermore, the pattern of codon usage can vary considerably among organisms, and also among genes from the same genome. Codon usage bias among synonymous codons of many genes has been documented in many species. It has been reported that synonymous codon usage bias may be associated with various factors, such as mutational pressure and compositional constraints (Osawa et al., 1988) , translational selection (Sharp and Li, 1986) , gene function (Chiapello et al., 1998; Ma et al., 2002) , mRNA secondary structure (Oresic and Shalloway, 1998; Xie and Ding, 1998) , tRNA abundance (Ikemura, 1981) , gene length (Moriyama and Powell, 1998; Duret and Mouchiroud, 1999) , hydropathy of each encoded protein and degree of amino acid conservation (Romero et al., 2000) . It also has been reported that codon usage bias could be influenced by temperature (Sau and Deb, 2009 ). Among these factors, compositional constraints and translational selection are thought to be the main factors accounting for codon usage variation between genes in different organisms (Karlin and Mrazek, 1996) . Analysis of the synonymous codon usage pattern can improve our understanding of the mechanisms of biased usage of synonymous codons (Powell and Moriyama, 1997) . The profiles of synonymous codon usage can reveal information about the molecular evolution of individual genes. They can also provide data to train genome-specific gene recognition algorithms, which detect protein-coding regions in uncharacterized genomic DNA (Fickett, 1982) .
Mitochondria are the cellular energy providers of all eukaryotic organisms. The mitochondrial genome often accumulates nucleotide substitutions at faster rates than does the nuclear genome, especially for mammalian mitochondrial DNA (Brown et al., 1979; Martin et al., 1992; Ramirez et al., 1993) . Various studies have analyzed different organisms, such as viruses (Zhang et al., 2011) , bacteria (Luo et al., 2011) , yeast (Whittle et al., 2011) , plants , and animals (Musto et al., 2001; Fadiel et al., 2002) . However, codon usage in platyhelminth mitochondrial genomes has only rarely been studied. In this study, we analyzed the codon usage bias in 43 published mitochondrial genome sequences of parasitic platyhelminths using multivariate statistical analysis and correlation analysis. Knowledge of the codon usage patterns may therefore provide a basis for understanding the mechanisms of biased synonymous codon usage.
MATERIAL AND METHODS

Data
The published mitochondrial genome sequences of 43 parasitic platyhelminths, including 19 Trematoda and 24 Cestoidea, were retrieved from GenBank (Table 1 ). The annotated coding sequences (CDSs) were extracted with a PERL script. The dataset obtained was then manually checked to correct existing errors, and the 5'-or 3'-partial CDSs were removed. A total of 479 genes from all 43 mitochondrial genome sequences were selected for this study.
Data analysis
The frequency of 59 codons encoding 18 amino acids (excluding Met, Trp and stop codons) was examined using three different codon indices: relative synonymous codon usage (RSCU), effective number of codons (NC) and frequency of G+C at the third synonymously variable coding position (GC3s). The G+C contents of the first, second and third codon positions (GC1, GC2 and GC3, respectively) were also calculated. RSCU values are calculated by dividing the observed codon usage by the expected rate when all codons for the same amino acid are used equally. If all synonyms encoding this amino acid are used equally, RSCU values are close to 1.0, indicating a lack of bias for that codon. NC is often used to measure the magnitude of codon bias for an individual gene, which is essentially independent of gene length. Values of NC range from 20 (for a gene with extreme bias, where only one codon per amino acid is used) to 61 (for a gene with no bias, where all synonymous codons are used equally). The GC3s value is the frequency of G+C at the third synonymously variable coding position. It is a good indicator of the extent of base composition bias, and the expected NC values from GC3s were computed according to Wright (1990) . The CodonW 1.4.2 program was used for calculating the indices of codon usage, and SPSS12.0 and Excel 2007 software packages were implemented for statistical analysis.
Correspondence analysis (COA) of codon usage
COA is the most popular multivariate analysis method for codon usage analysis. It can be used to determine the major variation trends using these RSCU values and genes ordered according to their positions along the major axis.
RESULTS
GC content variation in 43 parasitic platyhelminth mitochondrial genomes
Taenia pisiformis had the smallest of the 43 mitochondrial genomes, with only 13,387 bp. The largest mitochondrial genomes were of Schistosoma haematobium and S. spindale, with up to 16,901 bp. Most of the genomes were between 13.0 and 15.0 kb in length. The complete mtDNA sequences of cestodes were 13.3-14.2 kb in length and highly compact. Fluke mt genome sizes ranged from 13.9 to 16.9 kb with an AT richness of 60-70%, except for Paragonimus westermani with only 51.5% AT content (Table 1) .
Base composition has been found to influence both codon usage and gene function (Fadiel et al., 2001) . General information about codon usage and gene function, including the nucleotide composition of the 43 genomes, is summarized in Table 1 . The mean GC content of the third codon position (GC3) was 0.272, indicating that the A+T content was higher than G+C content. Among the 19 trematode species, GC3 varied from 0.151 in Benedenia seriolae minor to 0.592 in P. westermani, with a mean of 0.295 ± 0.116 (Table 2 ). In cestodes, the mean GC3 was 0.254 ± 0.044, with a smaller range than in Trematoda. The mean NC of Trematoda was 40.6 ± 7.0, higher than 37.0 ± 7.0 in Cestoidea. Genome size, total number of coding sequences (CDS) and codons used, GC content of first, second and third codon positions (GC1, GC2 and GC3) are shown. To compare the GC content and synonymous codon usage bias content between different protein-coding areas in the 43 mitochondrial genomes, the average GC1, GC2, GC3 contents, and NC of protein-coding genes were determined (Table 3 ). For almost all the genes, the codon GC contents, of the first, second and third codon positions ranged from 0.259 (GC3 of ATP6) to 0.425 (GC1 of Cox3). Except for NAD3 and NAD4L, all GC1 and GC2 contents of coding genes were higher than GC3. The NC values ranged from 35.86 (NAD3) to 40.44 (NAD5), which means that NAD3 had a stronger codon usage bias than other genes. As in almost all genomes, mitochondrial genes do not use synonymous codons with similar frequency. A comparison of nucleotide composition at 4-fold synonymous sites revealed that there was on average a much greater abundance of codons ending in U (51.9%) or A (22.7%) than in C (6.3%) or G (19.14%), reflecting the bias toward U or A in the third position of the codons on the coding strand. At 2-fold synonymous sites, the mean frequency of U was 86.77% in U-or C-ending codons, and the mean frequency of A was 47.91% in A-or G-ending codons ( Figure 1 ; Figure S1 ; Figure S2 ).
Preferential codons in the protein-coding genes of 43 mitochondrial genomes
To examine the overall preferential codons in the protein-coding genes of 43 platyhelminth mitochondrial genome, we concatenated all 479 coding sequences and calculated the overall codon bias level. The overall codon usage of 479 coding sequences is presented in Table 4 . Twenty-two codons, including UUU, UUA and UUG, were frequently used codons. The preferred terminating codon was UGA. The RSCU values showed that U-ending codons were predominantly used. Most (15/24) of the optimal codons ended with U. This result was consistent with the AU richness of the third codon position in these mitochondrial genomes.
Codon usage analysis
In trematodes and cestodes, almost all 43 genes distributed well below or around the expected NC curve. NC-GC3s plots are shown got four representative taxa, namely Clonorchis sinensis, Benedenia hoshinai, Echinococcus granulosus (G1), and Diphyllobothrium latum (Figure 2) . The NC-GC3s plots of the remaining species are available in Figure S3 . RSCU = relative synonymous codon usage; AA = amino acids; N = number of codons. The preferentially used codons for each amino acid are displayed in bold. 
COA of codon usage
COA of codon usage was used to determine the major source of variation among the protein-coding genes. Each gene was encoded by a vector of 59 variables, which represents the number of codons with synonyms. COA displayed these genes in a multidimensional space of 59 axes. Among these vectors, the axes representing the most prominent factors contributing to the variation between genes were plotted. The variation in the first and the second dimensions explained 16.6 and 9.9% of the total codon variation, respectively. Most genes near the origins of the axes clustered together to form an ellipsoid cloud in a range of -0.526 to 1.14 for the first axis and -0.550 to 0.862 for the second axis ( Figure 3A) . In the figure showing the corresponding positions of synonymous codons on these axes ( Figure 3B) , most of the C/G-ending codons were above the A/U-ending codons. This further supports the view that the nucleotide composition of genes was the basis for the difference in synonymous codon usage between genes.
To explore the correlation between the codon usage bias and the nucleotide composition, we calculated the correlation coefficient between the positions of genes along the first major axis, GC, GC3s, and NC values. The position of each gene along the first axis was strongly correlated with its GC, GC3s, and NC value (r = 0.275, 0.367 and 0.769, respectively) . Furthermore, the NC was significantly correlated with GC3s and GC contents (r = 0.469 and 0.408, respectively). The results suggested that compositional constraint was one of the major factors in shaping codon usage in the genomes. 
Effect of the hydrophobicity and aromaticity of encoded protein on synonymous codon usage bias
We performed a correlation analysis to investigate whether other factors could explain codon usage. This was done to evaluate whether Gravy and Aromo values were related to NC values. The correlation analyses between the hydrophobicity of each protein and NC value showed that the correlation coefficients (r = -0.281, P < 0.01) were significantly correlated. The aromaticity of each protein was also significantly correlated with NC (r = -0.153, P < 0.01). These results indicated that the degree of hydrophobicity and the aromatic amino acids were associated with codon usage variation.
DISCUSSION
Our analysis of codon usage patterns revealed a large number of genes with a high AT content among the protein-coding genes of 43 platyhelminth mitochondrial genomes. This means that the content of A and T nucleotides was higher than the G and C content. Most of the preferred codons also ended in A or T, which is similar to the mitochondrial genomes of many higher plants (Sloan and Taylor, 2010; Wang et al., 2011) . However, there are many differences between plant and animal mitochondria, such as their size or the usage of the genetic codes. In this study, the complete mtDNA sequences of cestodes were only 13.3-14.2 kb in size and the fluke mt genome sizes ranged from 13.9 to 16.9 kb, whereas the sizes of higher plant mitochondrial genomes range from 200 to 2400 kb. Mitochondrial protein-coding regions of flatworms are based on translation tables of the genetic codons, while higher plants are based on the universal genetic code.
Originally, the mitochondrion was thought to be a simple bacterium that entered the eukaryotic cell in its early developmental stage. Thus, like other genomes, mitochondria commonly show genome-wide synonymous codon usage bias (Bulmer, 1991) . The codon usage bias among species is an important evolutionary phenomenon, which is affected by many factors. Many hypotheses have been put forward to explain the origin of codon usage bias, such as the neutral theory and natural selection theory. If mutation occurred at the third codon position at a neutral rate, it would result in random synonymous codon choice where GC and AT would be used proportionally among the degenerate codon groups in a gene. In contrast, if translational selection pressure influenced the shaping of codon usage, the bias would be significantly positively correlated to expression levels, and some translation-preferred codons would appear to be used more frequently than others. Natural selection played a crucial role but nucleotide mutational bias and amino acid composition only in a minor way in shaping codon usage in plant mitochondrial genomes (Liu et al., 2004; Zhou and Li, 2009) . Complex mutation and weak selection together are thought to determine codon usage in bryophyte mitochondrial genomes (Wang et al., 2010) . When 36 different green plant mitochondrial genomes were compared, it was found that plant codon usage in organelle genomes was less likely to be shaped by selection after they had colonized the land (Wang et al., 2011) . Complex likelihoodbased tests on different models and estimates of the average intensity of selection on synonymous sites suggest that in animal and land plant mitochondria, mutation dominates over selection in shaping codon usage bias (Jia and Higgs, 2008; Sloan and Taylor, 2010) . Analyses of mitochondrial DNA sequences from the green algae Mesostigma viride (NIES-296) and Chlamydomonas reinhardtii (CC-277) suggest that both mutation and selection are important in shaping synonymous codon usage bias in their mitochondrial genomes, with selection being more dominant (Hua and Lee, 2012) . In our study, we found that codon usage in parasitic platyhelminth mitochondrial genomes was affected not only by compositional constraints, but also by other factors, such as the degree of hydrophobicity and aromatic amino acids. Compositional constraints and translational selection are thought to be the main factors accounting for codon usage variation between genes in different organisms (Karlin and Mrazek, 1996) . Further studies should be performed to investigate the role of translational selection in codon usage bias in the mitochondrial genome of parasitic platyhelminths.
